ABSTRACT. Fundamental principles of radio-frequency (RF) and microwave dielectric heating are presented, with a basic consideration of differential or selective absorption of energy from RF and microwave fields that might be applicable for stored-grain insect control. Experimental findings of the past 50 years are reviewed, with respect to entomological and physical factors affecting the response of insects exposed to RF and microwave electromagnetic fields in grain and grain products. Practical aspects ofRF and microwave energy application for stored-grain insect control are considered, and it is concluded that such use is highly unlikely without some new discovery of a nonthermal lethal mechanism that might be exploited for this purpose. Keywords. Radio-frequency energy. Microwave energy, Insect control. 
dT/dt-P/(cp) (2)
where c is the specific heat of the material in kJ/(kg-°C), and p is its density (kg/m^). If water is evaporated in the heating process, the energy required for the vaporization and release of the water must also be taken into account, and the temperature rise of the material would be reduced accordingly.
At dielectric heating frequencies, between about 1 and 100 MHz, where materials are often exposed between conducting parallel-plate electrodes, the electric field intensity E between the electrodes is determined by the RF voltage across the electrodes, V, and their separation, d, as E « V/d V/m. If two parallel layers of different material fill the space between the electrodes with surfaces parallel to the electrodes, the electric field intensity in one material, E], can be calculated as:
where di and d2 are the thicknesses of the two material layers and e*i and e*2 are the respective permittivites of the two materials. This equation is frequently useful when layers of material are treated with an air gap between the material and the top electrode, in which case e*2 -1. Equations 1 and 2 can then be used to estimate the power absorption and heating rate.
MICROWAVE HEATING
When microwave radiation is directed at a material layer, the absorption of microwave energy propagating through the material also depends upon the variables of equation 1, but the absorption of energy as the wave travels into the material must be taken into account. Thus, the dielectric loss factor of the material is important. The frequency of the wave is also a factor, and the power absorption also depends on the square of the electric field intensity. For a plane wave, the electric field intensity E, which has eJ"^ dependence, can be given as (von Hippel, 1954):
where EQ « rms electric field intensity at a point of reference t «time 7 « propagation constant for the medium in which the wave is traveling z = distance in the direction of travel The propagation constant is a complex quantity: g-a+jp=^j2lLVF As the wave travels through a material that has a significant dielectric loss, its energy will be attenuated. For a plane wave traversing a dielectric material, the electric field intensity at the site of interest can be obtained by combining equations 4 and 5 as follows:
E(z) = Eoe-«zeJ(«t -Pz)
where the first exponential term controls the magnitude of the electric field intensity at the point of interest, and it should be noted that this magnitude decreases as the wave advances into the material. Since the power dissipated is proportional to E^, P oc Q-^GZ J^Q penetration depth. Dp, is defined as the distance at which the power drops to e-i « 1/2.718 of its value at the surface of the material. Thus, The attenuation in decibels, combining equations 6 and 9, can be expressed in terms of the dielectric properties, when (8")2 «(eO^, as follows:
Dp = l/(2a). If attenuation is high in the material, the dielectric heating will taper off quickly as the wave penetrates the material. Attenuation is often expressed in decibels/m (dB/m). In terms of power densities and electric field intensity values, this can be expressed as (von Hippel
A plane wave incident upon a material surface will have some of the power reflected, and the rest, P^, will be transmitted into the material. The relationship is given by the following expression: p,«Po(i-|rp) (11) where P^ is the incident power and F is the reflection coefficient. For an air-material interface, the reflection coefficient can be expressed in terms of the complex relative permittivity of tfie material as (Stratton, 1941) : r« 1-Vi*" 1 +Ve*
(12)
The power density diminishes as an exponential function of the attenuation and distance traveled (eq. 8) as the wave propagates through the material: P«Pte-2«^ (13) with a expressed in nepers/m. For attenuation in decibels, dB/cm -0.08686 x (nepers/m).
BASIC DIFFERENCES
The term RF dielectric heating is generally understood to involve frequencies between about 1 and 100 MHz, and this field of applications was developed earlier than microwave heating (Brown et al., 1947 As already mentioned, RF dielectric heating is often accomplished with the load between parallel-plate electrodes, although many other configurations are available (Brown et al., 1947) . In this case, rapid heating is produced by using very high RF electrode voltages to achieve high field intensities in the material. The maximum field intensities are usually limited by dielectric breakdown and consequent damage to the product. For cereal grains such as wheat, field intensities of 1.4 to 1.5 kV/cm were used with little arcing difficulty (Nelson and Whitney, 1960) . With the parallel-plate geometry, the field intensity is quite uniform if the load is relatively homogeneous in character, and then equations 1, 2, and 3 are sufficient for general description.
With microwave heating, equations 1 and 2 still apply, but attenuation, and consequently, penetration depth, become important. Because frequency is much greater than for RF heating, rapid heating can be achieved with much lower field intensities (eq. 1), and the problems of arcing in the product are diminished. However, it becomes much more complicated to estimate electric field intensities because of attenuation and the need to irradiate materials from more than one direction to obtain required interior heating. Often, the product is moved through the microwave fields or rotated during exposure to achieve better uniformity of heating.
With RF dielectric heating, penetration is not so much the problem, but the dimensions of the material to be heated are limited by high-voltage RF insulation problems in producing desired high field intensities in the material. However, all material between the parallel-plate electrodes will be subjected to high field intensities; whereas, the field intensity decreases with penetration in microwave heating.
Microwave attenuation at 9.4 GHz in cereal grains varies from about 0.3 dB/cm for moisture contents of 7% to about 2 to 4 dB/cm when the grain is at 21% moisture (Kraszewski, 1988) . Attenuation values computed by equation 10 from permittivity data for similar frequencies (Kraszewski and Nelson, 1990; Kraszewski et al., 1995) agree, showing about 3.5 dB/cm for wheat at 20% moisture. At 4.8 GHz, the attenuation in the same wheat was about 2 dB/cm. These attenuations are significant. since for 3 dB, the power densities are reduced by one half, and this occurs only a centimeter or so deep in the grain. Thus only a small fraction of the power available for heating grain at the surface is available after a few centimeters of penetration. The attenuation is somewhat lower at the common microwave heating frequencies. Equation 10 indicates the inverse relationship between wavelength and attenuation. Consequently, 915-MHz microwave heating is known to provide deeper penetration than heating at 2,450 MHz (2.45 GHz). Attenuation is also lower for grain with lower moisture contents. For example, the attenuation at 2.45 GHz for wheat of 12% moisture is about 0.3 dB/cm (Kraszewski et al., 1995) , so the power density would drop to half its surface value at 10 cm.
SELECTIVE HEATING
If selective heating of insects in relation to the grain they infest were possible, dielectric heating would offer an advantage over conventional heating for stored-grain insect control. Therefore, consider the variables in equations 1 and 2 with respect to the relative heating effects on insects and grain. The frequency for the two materials will be the same. However, the dielectric loss factor for the insects and the grain may be different, and in that instance, the electric field intensities in the insects and the grain might also differ.
To examine the relative electric field intensities in the insect, Ej, and that in the host-grain medium, E^j, we can consider that for a plane wave interacting with a spherical insect in a uniform, infinite medium, the electric field in the insect is (Stratton, 1941 where e*^ and e*^^ represent the complex relative permittivities of the insect and the host medium respectively. If the necessary permittivity values are available, (E^/Ej^)'^ can be calculated, which gives us the ratio of the E-fields contribution to the power dissipation per unit volume in the insect relative to that in the host medium. If the permittivity values are known, the e^i/e^m ratio can also be obtained. The product of (E^/Ej^^'^ and the ^ V^"m ratios gives the estimated power absorption ratio for the insect in relation to the host medium.
For selective dielectric heating of the insects, one must also consider the other two variables that, along with power absorbed, affect the heating rate in the two different materials (eq. 2). The specific heat and the density have an inverse influence since c and p appear in the denominator of the right-hand side of equation 2. Therefore, the reciprocal of the Cj/Cj^ x pj/pm value should be multiplied by the power absorption ratio above to determine the differential heating factor for the insects in relation to the host grain medium.
EXPERIMENTAL FINDINGS
The findings of many early experiments in which insects were exposed to RF electric fields can be explained by considering the physical principles already outlined. The heating rate of materials exposed to RF electric fields increases with increasing field intensity and with increasing frequency (Thomas, 1952; Frings, 1952) . Since the loss factor of hygroscopic materials such as grain generally increases with increasing moisture content, their heating rates also are higher when moisture content is greater.
Experiments have shown that many insect species that infest grain and cereal products can be controlled by short exposures to RF fields that do not damage the host material. Generally, for successful RF insect-control treatments, resulting temperatures in host materials of this kind range between 40 and 90°C, depending upon the characteristics of the host material, the insect species, and the nature of the RF or microwave treatment. Radiofrequency treatments at 13.6 and 39 MHz necessary for insect control have not been damaging to wheat germination or milling and baking qualities (Nelson and Walker, 1961; Miinzel, 1975 ) found in studies at 11 MHz that larvae of the same species treated in flour were somewhat more susceptible than the adults. Baker et al. (1956) found that, when treated in whole wheat flour at 2.45 GHz, the adult confused flour beede was more susceptible than either the larval or egg stages. Granary weevil adults were also found more susceptible than the tgg in these experiments. However, other experiments at the same frequency with the confused flour beede in wheat flour showed that the larval stage was significandy more susceptible than adult, pupal, or tgg stages (Tateya and Takano, 1977) . In the same studies, young (2 to 7 days) adults of the confused flour beetle had significandy higher survival rates than older (37 to 107 days) adults of the same species.
Larvae of the cadelle were more susceptible to 39-MHz exposures than the adult of this species . With the cadelle, however, the larva is much larger than the adult, and it feeds outside the kernels. Thus, physical factors such as size and geometric relationships may well account for the difference noted in susceptibility to RF treatments.
Interspecific differences were also noted in the degree of delayed mortality following 39-MHz treatment of adult insects. A substantial increase in mortality was obtained with rice weevils and granary weevils between one day and one week after treatment; whereas, practically no change in mortality attributable to the RF treatment occurred thereafter. The lesser grain borer also exhibited a substantial delayed mortality, but it occurred during the second week after treatment rather than during the first week. Adults of the confused flour beetle and red flour beetie exhibited less delayed mortality, most of which occurred during the second and third weeks after treatment In studies with 39-MHz treatment of yellow mealworm larvae, Kadoum et al. (1967c) accounted for observed mortality of the insects as a result of internal body heating. Losses in body weight and increased oxygen uptake rates as a result of RF exposure were also observed (Kadoum et al., 1967a) . Increased oxygen uptake rates were similar to those of surgically injured larvae, and accompanying increases in the rate of protein synthesis were also observed (Kadoum, 1969a, b) .
Experiments with adult insects, treated at 39 MHz in wheat and wheat shorts, showed that rice weevils and confused flour beetles that survived exposures were capable of reproduction (Whitney et al., 1961) . However, the more severe sublethal treatments greatly reduced the number of progeny. Studies with lesser grain borers showed that tfie reproduction rate was lowered when adults exposed to RF treatment suffered greater than about 50% mortality (Nelson et al., 1966) 
PHYSICAL FACTORS
The influences of various physical factors on the control of stored-grain insects by exposures to RF and microwave energy have been studied. The importance of some of these factors, such as frequency, electric field intensity, and permittivity of the materials involved, is evident from considering the consequences of equations 1 through 13. Others include heating rate, modulation of the applied energy, and other characteristics of the insects and the host media. General conclusions are difficult to draw concerning some of these factors. High heating rates are to be preferred, generally, to minimize thermal energy loss fi-om the insects to the host material. Therefore, high power dissipation rates are desired, and power dissipation depends on frequency, electric field intensity and the dielectric loss factor of the material (eq. 1).
The possibilities for selective heating of the insects, as discussed earlier in connection with equation 13, are important here. Thomas (1952) concluded that selective heating of insects in grain should be possible with highfrequency dielectric heating. Differences in the temperature of host media necessary for control of the rice weevil and the confused flour beetle, when exposed to 39-MHz treatments, were explained by selective heating analysis (Nelson and Whitney, 1960) . For adult rice weevils and confused flour beetles treated in wheat, the theory predicted selective heating of the insects, but for confused flour beetles in wheat shorts, it did not. When insects were treated in wheat, exposures producing grain temperatures below lethal temperatures for the insects achieved complete mortality. When confused flour beetles were treated in wheat shorts, however, exposures were required that raised the wheat shorts to lethal temperatures for the insects before complete mortality was achieved.
The electric field intensity to which insects are subjected depends on geometric and spatial factors as well as on the dielectric properties of the insects and their host medium. Therefore, host-medium particle size in relation to insect dimensions might be expected to influence lethal exposure levels. Experiments witfi adult granary weevils in wheat and in com of the same moisture content showed that insects suffered lower mortalities in wheat than in com at comparable grain temperatures (Nelson and Kantack, 1966) . Rice weevil adults exposed to RF electric fields in host media of glass beads of different sizes survived better in small beads than in larger ones .
As already mentioned, immature forms of the rice weevil, granary weevil, and lesser grain borer, which all develop inside the grain kemels, are less susceptible to control than the adults which are outside the kemel. The kemels have too low an electrical conductivity to provide an effective shield, but they may alter the electric field distribution in a way that is favorable to the intemal insect survival. Experiments with rice weevil adults and with adults of the lesser grain borer, treated inside and outside wheat kemels, indicated that insects treated outside the kemels suffered somewhat higher mortalities than insects of the same age that were exposed while inside the kemels (Nelson et al., 1966) .
Since the dielectric properties of grain vary with moisture content (Nelson, 1982) , the moisture content of the host medium might be expected to have some influence on the effectiveness of RF insect treatment. However, mortalities of adult rice weevils treated at 39 MHz in wheat of 11.4 and 12.8% moisture content were the same (Whitney et al., 1961) . Later experiments with insects in wheat of moisture contents between 12 and 16% indicated that 39-MHz treatments were slightly more effective as wheat moisture content increased. In treating adult rice weevils at 2.45 GHz in wheat ranging from 12.3 to 16.0% moisture, Tateya and Takano (1977) observed no significant differences in insect mortality attributable to wheat moisture level.
Because the electric field intensity in equation 1 has an important influence on the heating rate, its effects on insect mortality have received attention. Webber et al. (1946) used field intensities in the 1.2-to 1.8-kV/cm range in treating the Mediterranean flour moth, Anagasta kuehniella (Zeller), and the confused flour beetle in flour at a frequency of 11 MHz. No differences were apparent in the mortality that might be attributed to field intensity differences. Effects of field intensity and frequency on insect mortality are difficult to distinguish, because both influence the heating rate. The three factors of frequency. field intensity, and heating rate must, therefore, be considered in relation to one another. Several experiments at 10 and 39 MHz, involving exposure times ranging from a few seconds to a minute or more, with different combinations of field intensities and heating rates, indicated that there are subtle frequency effects which depend upon the species and developmental stages of the insects (Nelson et al., 1966) . In comparing 10-and 39-MHz treatments with similar heating rates, the 10-MHz treatment was consistently better for some species and stages; whereas, the 39-MHz treatment was consistently better for others. For others, the two frequencies produced similar mortalities.
High field intensities were much more efficient than low intensities in killing adult rice weevils in wheat at both 10 and 39 MHz, but with immature stages of the same species, high and low intensities produced the same results (Nelson and Whitney, 1960; Whitney et al., 1961) . Generally, differences in insect mortality attributable to field intensity diminished at field intensities greater than 1.2 kV/cm. For a given frequency, an increase in field intensity increases the heating rate. The more rapid elevation of temperature that accompanies high-fieldintensity treatments appears to offer a possible explanation for the greater effectiveness of high-field-intensity treatments which might produce a higher degree of thermal shock. Loss of heat energy to surroundings during treatment can also be a factor when exposure times are long. Heating rate alone, however, does not appear to determine the effectiveness of treatment at different frequencies (Nelson et al., 1966) . In stored-grain insect control studies with 13.6-MHz exposures, Benz (1975) reported that end-point temperatures of the host medium, and not thermal shock (or heating rate), was the important factor determining insect mortality.
Efforts to improve efficiency of stored-grain insect control through use of higher-field-intensity pulsemodulated RF electric fields were not successful. Treatment of adult rice weevils and confused flour beedes in wheat with pulse-modulated 39-MHz fields of 5-to 40-ms pulse width and 10 to 40 pulses per second (pps) pulse repetition rates did not show any improvement over unmodulated (CW) treatments . Even with pulses as short as 50 ps and field intensities of 4 kV/cm, no improvement over CW, 1.4-kV/cm treatments was obtained for treatments of adult rice weevils and granary weevils in wheat.
The opinion sometimes expressed that selective frequencies might exist for certain insects has not been demonstrated through either experimental or theoretical work. Studies in which confused flour beetles in flour and granary weevils in wheat were exposed to 2.45-GHz microwave treatments indicated that no selective heating was obtained (Baker et al., 1956 ). Temperatures in the host media in excess of 82°C were required for control of immature stages of both species. Corresponding control of granary weevils, rice weevils, and lesser grain borers in wheat at 39 MHz was achieved when grain temperatures were momentarily raised to the 60 to 66°C range (Whitney et al., 1961; Nelson and Stetson, 1974a) . Adult rice weevils in hard red winter wheat were all killed by 39-MHz dielectric heating treatments of a few seconds that raised the grain temperature to 39°C (Nelson and Whitney, 1960); whereas, these insects are able to survive for many hours at these temperatures in a hot-air oven. Thus selective heating of the adult insects was indicated as the explanation. Holding infested cereal products at 60°C for 10 min effectively controls stored-grain insects (Cotton, 1963) .
Radio-frequency treatment of confused flour beetle adults in wheat at 39 MHz required grain temperatures of ATC for complete mortality (Nelson and Whitney, 1960) . In other studies at the same frequency, complete control of granary weevil adults in wheat was achieved at wheat temperatures of 41 °C. (Nelson and Kantack, 1966) . When adults of the same species were treated in wheat at 2.45 GHz, grain temperatures above 57°C were required for complete insect mortality (Baker et al., 1956) .
Results of these studies and several others at different RF and microwave dielectric heating frequencies are summarized for comparison in table 1. Examination of data in table 1 shows that, in each instance (with the possible exception of adult confused flour beetles treated at 11 MHz), considerably higher temperatures in the host medium are required for 100% mortality of the insects when treated at 2.45 GHz than when treated at lower frequencies in the 10-to 100-MHz range. It seems likely, therefore, that the degree of selective heating of the insects obtained in the lower frequency range is much better than that obtained in the microwave range at 2.45 GHz.
To help in assessing the degree of potential selective heating of insects in grain, the dielectric properties of adult Nelson and Whitney, 1960 Nelson and Stetson, 1974a Nelson and Stetson, 1974a Tateya and Takano, 1977 Tateya and Takano, 1977 Tateya and Takano, 1977 Tateya and Takano, 1977 Benz, 1975 Benz, 1975 Anglade et al., 1979 Anglade et al., 1979 Anglade et al., 1979 Nelson and Kantack, 1966 Anglade et al., 1979 Hamidetal., 1968 Baker etal., 1956 Baker etal., 1956 Baker etal., 1956 Webber etal., 1946 Webber etal., 1946 Anglade et al., 1979 Anglade et al., 1979 Nelson and Whitney, 1960 Nelson and Whitney, 1960 Van den Bniel et al., 1960 Van den Bruel et al., 1960 Baker etal., 1956 Baker etal., 1956 Hamid & Boulanger, 1969 Tateya and Takano, 1977 Tateya and Takano, 1977 Tateya and Takano, 1977 Tateya and Takano, 1977 > symbol implies that 99 to 100% mortalities were not obtained by indicated temperatures. Temperatures reported by Tateya and Takano (1977) are those for 95% mortalities.
rice weevils and of hard red winter wheat were measured throughout the frequency range from 250 Hz to 12 GHz (Nelson and Charity, 1972). Figures 1 and 2 show resulting values obtained for the dielectric constant e' and loss factor e" for bulk samples of hard red winter wheat and of adult rice weevils for the range from 50 kHz to 12 GHz. An analysis of the data, based on relationships presented in equations 1 and 14, revealed that the loss factor is the dominant factor influencing differential energy absorption from the RF and microwave fields. Therefore, the best selective heating of the adult rice weevil in wheat is expected to be obtained in the frequency range between about 5 and 100 MHz. On the basis of these data, little differential heating can be expected at frequencies between 1 and 12 GHz. It appears that predictions from these measurements are consistent with experimental data available on exposure of insects to RF electric fields at the different frequencies (table 1) . The predictions were also confirmed by experimental results obtained when exposing hard red winter wheat infested with adult rice weevils at 39 and 2,450 MHz for sequences of time exposures ranging from one to several seconds, providing comparable wheat heating rates at both frequencies (Nelson and Stetson, 1974a) . Observed relationships between resulting temperatures in the wheat and insect mortalities are illustrated in figure 3. Complete insect mortality was obtained with much lower grain temperatures when infested grain was treated at 39 MHz that when it was treated at 2.45 GHz. This result indicates that a much higher degree of differential heating was obtained in the lower frequency range than was obtained at microwave frequencies. The delayed mortality of the insects was also much more severe when they were treated at 39 MHz than it was when they were treated at 2.45 GHz.
In early tests with 2.45-GHz microwave energy radiated from a horn antenna into 10.5% moisture-content wheat infested with granary weevils and confused flour beetles, grain temperatures of 92°C were reported for 90% mortality of the insects. It was also determined that 10 cm was the maximum grain thickness that could be treated because of attenuation of the energy in the grain (Hamid et al., 1968) . Later experiments with combined 2.45-GHz microwave energy and partial vacuum treatments (Munzel, 1975) , exposures required for control of some insects by microwave treatment (table 1) would damage the grain. Adverse effects of dielectric heating depend very much on the moisture content of the grain, being more damaging at higher moisture contents. Hard red winter wheat at 18.3% moisture showed some reduction in germination when raised temporarily to 50°C; whereas, the same wheat at 6.7% moisture tolerated temperatures of 95°C without reduced germination when exposed to dielectric heating at 39 MHz (Nelson and Walker, 1961) .
Other practical problems include the need to move the grain through RF or microwave heating equipment, since the penetration is limited for microwave irradiation, and the layer thickness is limited by high-voltage design limitations for RF oscillators. It may be necessary to handle grain at much higher rates than the 400 bu/h rate considered in the above estimate, since grain is transferred in commerce at rates of several thousand bu/h (hundreds of metric tons per hour). Thus RF power equipment much larger than any in existence today might be required. Another practical problem would be the improved sanitation requirements to keep grain from becoming reinfested, because RF or microwave treatment would provide no residual protection. Dual use of dielectric heating equipment for possible accelerated drying and seed treatment to improve germination were suggestions that might improve the economics of the proposal (Nelson, 1973) , but these uses also seem too expensive for practical consideration.
Economic factors have changed somewhat in the past 35 years. However, the increased costs of energy would increase the cost of RF and microwave treatment of grain, and they would also increase the costs of chemicals used for stored-grain insect control. The costs of the power equipment have also increased. About $2.00 per watt of output power for very large RF sources and applicators and about $3.00 per watt of output for industrial microwave sources and applicators are probably reasonable estimates today. Thus substantial equipment investments would be necessary for any practical scale equipment. It is not likely that the ratio of costs for dielectric heating control of stored-grain insects to that of chemicals for their control has changed sufficiently to make the RF or microwave processes at all interesting economically. Costs per bushel of grain treated today would be at least twice those estimated in 1960, or at least $0.07/bu.
As indicated earlier (Nelson and Stetson, 1974b) , the peak of the dielectric loss curve shown for insects in figure 2 will shift to higher frequencies as the temperature of the insects increases. However, in view of the shift for the relaxation frequency of liquid water from about 20 GHz to 50 GHz as the temperature increases from 25 to 75°C (Hasted, 1973 ) and the broad nature of the relaxation indicated for the insects in figure 2, which is no doubt largely attributable to bound forms of water, the shift of relaxation frequency for the insects is not likely to be very significant. Thus, the suggested tracking of the relaxation frequency during the heating process, or the use of oscillators operating at two different frequencies, starting the treatment at one frequency and finishing the treatment at a higher frequency (Nelson and Stetson, 1974b) , are not likely to provide a significant advantage.
Only some new discovery of a lethal mechanism for insects that would permit the control of stored-grain insects with very much lower RF or microwave energy requirements would appear to make consideration of RF or microwave treatments possible. Much lower power requirements than have so far been demonstrated effective would be needed to lower energy costs and increase the throughput capacity of equipment. The selective heating of insects demonstrated so far in the study of the 1-MHz to 12-GHz frequency range is not of sufficient significance to warrant serious consideration for practical use, even with the continuing concern about potentially hazardous chemical controls. At frequencies above this region, the dielectric loss factor of the insects is not likely to increase, unless they contain enough free water to bring the liquid water relaxation into some prominence. And then, too, the costs of power sources for the higher frequencies increase rapidly with frequency. Attenuation of energy in the grain at higher frequencies (eq. 10) would also increase proportionately with frequency, making the prospects for practical use even more remote.
CONCLUSIONS
Experiments conducted over the past 50 years have shown that exposures of grain infested by stored-grain insects to radio-frequency and microwave energy can control the insect infestations by dielectric heating of the insects and the grain. Differences have been noted in the susceptibility to control by RF and microwave treatments among different stored-grain insect species and among the developmental stages of those species, depending also on the ages of the insects and on the characteristics of the host medium. In general the immature stages of the insect are less susceptible to control by dielectric heating than the adults of the species, however, there are exceptions.
Experimentally, RF treatments at frequencies between 10 and 90 MHz have achieved control of die insects treated in grain and grain products by exposures that raised grain temperatures to about 60 to 65°C. Microwave treatments at 2,450 MHz have required exposures that raised temperatures of the host medium to much higher temperatures, often 80 to 90°C for complete control. Measurements of the RF and microwave dielectric properties of insects and grain, and consideration of the theoretical basis for differential dielectric heating of the insects and grain show that the range from 10 to 100 MHz should be expected to provide selective heating of the insects; whereas, little differential heating can be expected at microwave frequencies. Thus, the theoretical predictions explain the experimental findings with respect to hostmedium temperatures resulting from treatments that produced complete control.
Costs of electric energy and RF and microwave equipment of sufficient power capability to treat grain at practical rates are much too high to justify dielectric heating as a practical means of stored-grain insect control, based on demonstrated performance. Currently, there appears to be no convincing evidence of nonthermal biological effects that can be utilized for stored-grain insect control applications of RF and microwave electromagnetic energy. Without new discoveries of lethal mechanisms of a nonthermal nature, it is highly unlikely that RF and microwave treatments can be considered as a practical alternative for other stored-grain insect control metiiods currently in use.
